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Spectral features in the raw reflectance/ transmission data and their connection to 
the broadening of the 2EF threshold and residual absorption of graphene.  
  
As discussed in the text, our study has uncovered an anomalous width of the 2EF 
threshold and a strong residual absorption below 2EF in the conductivity spectra of 
monolayer graphene. It is straightforward to relate both effects to features in the raw data. 
In Fig. S1 we compare the raw R(V)/R(VCN) and T(V)/T(VCN) spectra (blue curves) with 
similar spectra generated from a model σ(ω) spectrum for ideal graphene (black curves). 
The top panel details the input for these model calculations. In this panel we plot with the 
black line the conductivity of ideal graphene σ(ω) obtained using an analytical 
expression for the optical constants of graphene derived by Gusynin et al.1: 
 

)')('](
)(4)'(

)(2
)(4

)(2[
'4

)]'()([
2

)( 22
22222

2

1 ωωωω
ωωω

ω
ω

ω
ωω
πωω

ω
π

σ ++
Γ++

Γ
−

Γ+Ω
Γ

Ω
−

=Ω ∫
∞

∞−

FFf nn
d

Ne
h

 

where Ωωω +=' , 
1

1)( /)( +
= − TEF Fe

n ωω  is the Fermi distribution, 2=fN  is the spin 

degeneracy, and )(ωΓ  is an impurity scattering rate. A constant scattering rate Γ is used 
in the theoretical formula. In order to facilitate comparison with our mid-IR data, we have 
set the Fermi energy 2EF=5600 cm-1. By setting the scattering rate to Γ=1 cm-1 and 
temperature to T=45 K, we are able to model the threshold structure at 2EF influenced by 
thermal broadening representing experimental conditions. We utilized the above equation 
in the interband region and in order to account for the free carrier response we augmented 
this result with the Drude Lorentzian )/()( 22

1 1 τωσωσ += DC , where σDC=100* πe2/2h 
and a scattering rate 1/τ=30cm-1 is obtained from the transport data for our device.  The 
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model R(V)/R(VCN) and T(V)/T(VCN) spectra were calculated based on the input 
σ(ω,VCN) spectrum in Fig. S1(a) using the procedure described in the Methods section. 
The dip-peak feature around 1000 cm-1 in all the experimental and model spectra in Fig. 
S1(b, c)  is due to a phonon of SiO2. Vertical dashed lines in the plot show that the width 
δ2EF of the interband threshold in σ(ω) is determined by broadening of the high 
frequency edge in T(V)/T(VCN). Furthermore, this connection was validated through 
calculations using different values of the phenomenological damping constant Γ .  Thus 
with the guidance provided by modeling results in Fig.S-1 one can read the broadening of 
the 2EF feature directly from the T(V)/T(VCN) data and conclude that δ2EF ≈ 1400 cm-1 at 
all biases.   
    
Model spectra are equally helpful for substantiating significant residual conductivity of 
graphene below the 2EF. For this purpose it is instructive to analyze the upper limit of the 
T(V)/T(VCN) values at ω=2EF corresponding to the maximum depletion of the 
conductivity under the applied bias. Our modeling shows that this upper limit is 
determined by the transmission of the graphene gated structure at the charge neutrality 
point T(ω, VCN) and the transmission of the Si substrate Tsub(ω) as  T(ω, VCN)/Tsub(ω), 
where Tsub(ω) is obtained from IR measurements and T(ω, VCN) is calculated from the 
multi-layer model using the theoretical universal conductivity σ(ω, VCN) =πe2/2h for 
graphene. Provided the residual conductivity is vanishingly small, the peak in 
T(V)/T(VCN) spectra at ω=2EF reaches the upper boundary. Under these latter conditions 
the amplitude of peaks in a series of spectra generated for different biases will trace the 
boundary of the shaded region in Fig.S-1(b). However, if the depletion of the 
conductivity at ω<2EF is incomplete, the residual absorption will reduce the amplitude of 
T(V)/T(VCN) below the upper limit.. This is indeed the case for the experimental 
spectrum in Fig.S1-(b) taken at V=71 V and for the entire data set in Fig.1. Similarly, the 
amplitude of changes of reflectance is also reduced by the residual conductivity (Fig.S1-
c). We note that deviations between experimental and model spectra is significant 
compared to the signal-to-noise of our measurements.  
   
Here we stress that the magnitude of σ1(ω, V) below the 2EF threshold is sensitive to 
ambiguities with the choice of σ1(ω, VCN). An assumption of the universal value for 
σ1(ω, VCN) implies that the residual conductivity is as strong as 0.3*πe2/2h. Within 
limitations of our measurements we cannot unambiguously rule out σ1(ω, VCN)< πe2/2h 
at energies below 4000 cm-1 and dependent on the input for σ1(ω, VCN)  the residual 
values at ω<2EF may significantly vary. Within these constrains, our data indicate either 
a breakdown of the universal conductivity σ1(ω, VCN)= πe2/2h or significant residual 
conductivity below 2EF at finite doping. Note that other experimental studies2-4 attest to 
the validity of σ1(ω, VCN)= πe2/2h assumption in the entire mid-IR, which implies strong 
residual absorption below the 2EF cut-off that is nearly independent of the applied voltage.  
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Figure S1: (a), the theoretical 2D optical conductivity σ(ω,VCN)  at the charge neutrality 
point VCN (red curve) and experimental σ(ω)  spectrum at 71V (blue curve), together 
with a model σ(ω,71 V) (black curve). The model spectrum reveals narrow width of the 
2EF threshold and negligible residual conductivity below 2EF. (b) and (c): experimental 
R(V)/R(VCN) and T(V)/T(VCN) spectra at 71V (blue spectra) and model data 
corresponding to the conductivity in (a) (black spectra). The upper boundary of the 
shaded region in (b) is the upper limit of T(V)/T(VCN) values for different biases of our 
devices as described in the text. .  
  
 


